INTRODUCTION
Transport is currently responsible for around a quarter of the UK's total anthropogenic Carbon Dioxide (CO 2 ) emissions and this proportion is projected to increase. The transport sector will undoubtedly need to play a significant role in achieving carbon reductions if the Government is to meet its 80% legally binding carbon reduction target by 2050, as set out in the 2008 Climate Change Bill (OPSI, 2008) . One of the biggest challenges is how to translate F o r P e e r R e v i e w O n l y 3 national carbon reduction policy to a more local level, particularly in terms of the best way to implement policies at a city level in order to bring about real change. Urban areas are both concentrations of climate vulnerability as well as major consumers of carbon (Dawson et al, 2007) , while the concentration of activity in such relatively small areas gives a high potential for the development of innovative solutions, perhaps more so than elsewhere.
London provides the focus for this research which ultimately aims to deliver a unique insight into the role that cities play in generating carbon emissions. This paper is focussed on carbon emissions from personal land-based transport and seeks to identify the most effective policy instruments which could be used to reduce carbon emissions by 2050 in line with the date set for many national and international agreements on greenhouse gas reductions. The GLA (2007) estimate that ground based transport emissions in London could increase by around 22% by 2025 reflecting population and employment growth in a "business as usual" scenario.
It is unclear to what extent this baseline includes current government measures to reduce transport carbon emissions outlined in the UK climate change programme which imply stabilisation by 2020 (DEFRA, 2006; DTI, 2007) .
The paper explains first the method and approach to calculating carbon emissions in section 2
and then provides estimates of carbon emissions for 2004 and looking forward to 2050 in section 3. Finally section 4 explores the impact of 4 different future scenarios and their likely effect on carbon emissions from personal transport.
ESTIMATING CARBON EMISSIONS FROM PERSONAL TRANSPORT WITHIN LONDON
This research explored the potential for use of travel diary style information as a means to estimate carbon emissions from land-based personal transport. Whilst the focus of this research was London, the method developed could equally be applied to other areas of were available on associated travel.
Data sources
Two key sources of travel diary information exist which provide information about personal travel associated with London: The National Travel Survey (NTS) and the London Area Transport Survey (LATS). The NTS is nationally representative and carried out annually for the Department for Transport (DfT) and is completed using interviews, questionnaires and travel diaries in households across Great Britain (Hayllar et al, 2005) . The total sample size in the data set used (2004) was 8122 households. The data that are available from the main report of the survey (DfT, 2005) includes mode and purpose of travel, trip distance, origin and destination area type, travelling time, vehicle and household information.
The LATS, published through the London Travel Report (TfL, 2005) , focuses specifically on the travel behaviour of London residents and tourists to the city. There are various data included in the output of this report, however perhaps the most relevant in relation to this research is that of trips made between areas of London (central, inner and outer), and modes used.
For this research, the travel data collected in the NTS were used as this includes all travel by households throughout the country thus allowing an estimation of the proportion of trips made within London by households outside of London and hence London's personal transport 'footprint'. 2004 data on journeys, stage, households, individuals and vehicles were used in this research 1 .
1 It is worth noting that due to the nature of the NTS data this research does not take account of travel as part of business activities, travel by overseas non-resident visitors or traffic passing through London (as the NTS data only provides journey origin and destination -though given the focus on Greater 
Allocating personal travel to London
An early task was to define the boundaries of Greater London and the travel and emissions which are associated with it. This is particularly an issue when dealing with a discrete geographical region, which has considerable links with the area outside and is especially important when investigating London given the array of economic activity taking place, its size, and the number of visitors it attracts. The allocation of transport emissions to London could follow a number of approaches, for example, to examine emissions just from households or consumers residing in London or to examine all trips generated by London regardless of their origin. For this study, it was concluded that emissions arising from all parts of trips that occur within London from all GB residents should be included. Hence, trips wholly within the Greater London boundary, parts of trips within London which start within and end elsewhere and parts of trips within London which start from outside but end within would all be included. This approach gives a good overview of the carbon footprint of the city and is also compatible with undertaking a similar process for other contiguous areas without resulting in double-counting of emissions.
Trips that start or end in London are easily identified from the NTS data by the journey origin and destination variables, which are provided only at the level of Government Office Region (GOR) due to sample size and thus representivity issues. The distance for trips starting in London but ending elsewhere, and starting elsewhere and ending in London was adjusted to estimate the element of travel undertaken within the London boundary. The average straight line distance from the centre of London to the boundary was estimated to be 22.5 km. Thus, for trips which began in London and ended elsewhere (in another GOR), or began elsewhere and ended in London, the within London distance was set at 22.5 km if it was originally more
London and the exclusion of most of the M25 orbital motorway from the study area this is believed to be relatively minor). than or equal to 45 km. If the total trip distance was originally less than 45 km, the London distance was assumed to be half of the total distance. Figure 1 illustrates the study area and the journeys which were included. Trips wholly within the London boundary were left unaltered and actual recorded distances were used.
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Deriving carbon emissions from the NTS sample data
The calculation of carbon emissions per trip was derived using an existing carbon calculator tool which is described more fully in Bristow et al (2004) . This requires information regarding the carbon emissions per kilometre per mode, average journey speed, trip occupancy and trip distance.
Carbon emissions factors for cars and vans were derived using data produced by DEFRA (2007) . The data provides carbon emissions for petrol and diesel vehicles with engine sizes of less then 1.4 litres, 1.4 to 2.0 litres and above 2 litres. These data were used alongside data from SMMT (2006) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Creating baseline carbon emissions for London
After travel within London had been identified from the NTS data and carbon emissions per trip had been calculated, the average kilometres, trips and carbon per person per mode were derived for each NS-SEC in each GOR, which is the lowest level of geographical disaggregation possible within the NTS data (excluding London where a further disaggregation into inner and outer is possible in the 2004 dataset). Two additional groups were added to represent the proportion of the population under the age of 16 years and over the age of 74 years (these groups are not covered by the NS-SEC which covers working age population only but are included in the NTS and Census data). These data were then used to create a baseline of carbon emissions for London by grossing up to population data from the 2001 census, split by NS-SEC, under 16's, over 74's and GOR. 
Carbon emissions for London in 2004
All personal land-based transport within London produced an estimated 1.14 million tonnes of carbon in the baseline year (2004) . This includes all personal travel within the geographical boundaries of Greater London from all households in Great Britain (GB). Table 1 
Forecasting carbon emissions up to 2050
Carbon emissions were forecast up to 2050 assuming that each person continues to consume the same amount of carbon each year per mode of transport and trip. The forecast accounted for estimated population increases by GOR up to 2050 (based on information supplied by Dawson et al, 2007) . The forecast data includes all personal land based travel within London from households throughout Great Britain. It should be noted that the forecast carbon data does not take into account changes to carbon emissions factors over time and/or modal shiftsuch issues are explored through the policy scenarios in section 4. Figure 5 shows the forecast carbon emissions by mode within London up to 2050. Hence, the business as usual assumptions do not reflect improvements in vehicle energy efficiency which might be expected to occur over such time periods. for example, increasing congestion). In addition to the contribution to greenhouse gas emissions, the growth in traffic volumes and subsequent congestion would make policy intervention essential to avoid such a situation.
POLICY SCENARIOS
In order to estimate the impact of different potential measures to reduce carbon emissions in London, 4 policy scenarios were developed and tested. For each scenario, the carbon impact where cars are used for essential trips only and walking, cycling and public transport become the norm for most trips. Clearly such a scale of change will also imply a move towards localisation of activities and associated land-use change.
The following sections describe each scenario and their estimated impacts on London's carbon emissions.
Scenario 1: The London Mayor's Climate Change Action Plan
This scenario interprets the carbon savings from full implementation of the Mayor's CCAP (GLA, 2007) . This pursues an ambitious target of a 60% reduction in emissions by 2025. It contains a mix of aspirational and potentially achievable measures and concludes that a 60% reduction within this timeframe is probably not achievable. However, reductions from 1990 levels of around 22% by 2025 to achieve a 4.3MtC saving across all ground based transport (including business travel, freight and aviation) are thought to be achievable, in the following ways (GLA, 2007):
• Modal shift 20%
• Increased operational efficiency 20%
• Eco-driving (all modes) 10%
• Improved infrastructure and vehicles 35% Interestingly 50% of these additional savings are estimated to arise from changes in travel behaviour. Figure 6 shows the estimated carbon consumption relative to the 2004 baseline (see figure 5 ) -it should be noted that whilst the CCAP includes all ground based transport, this research focussed on personal (rather than business) land-based transport excluding aviation and freight. ). In order to achieve such reductions, it is assumed that in addition to the policies contained within the CCAP up to 2025, further travel demand measures would be implemented such as an extension of the congestion charge zone in response to rising traffic levels with the charge per entry linked to vehicular carbon emissions. (King, 2008) . In addition, the largest risk to manufacturers occurs at the prototype stage when external funding during the research and development stage has been used, hence manufacturers take significant risks when introducing new technologies to the market, particularly when they are more expensive to the consumer compared to ICE technology (IPPR, 2008) and are thus likely to require an established demand before taking such risks.
Scenario 2: Technology
The King review (2008) foresees that electric hybrid vehicles will be the main alternative vehicle for the next 25 years. It is also expected that fuel efficiency would become more important in purchasing decisions over time if oil prices rise, hence it is assumed that the majority of motorists would also opt for lower emissions vehicles. As a result, based on technology available and the automotive engineering capabilities in the UK, across the fleet it could be possible to achieve a 30% carbon reduction per kilometre within the next 5 -10 years, a 50% carbon reduction per kilometre by 2030 and an 80% carbon reduction per kilometre by 2050 (King, 2008) . It is recognised that as a result of the current global economic recession, the automotive industry in the UK is not necessarily the same as when the assumptions were made by King (2008) . The New Automotive Innovation and Growth
Team (NAIGT) describe the current industry as being 'fragile' and 'not compelling' and set out a road map for action (NAIGT, 2009) , which includes a timeline of uptake for technology such as electric vehicles and plug in hybrids. was conducted prior to the current economic recession), however the rate of uptake of lower emissions vehicles has been considered in terms of a lack of a strong policy driver to change consumer choice, which is also a limitation highlighted by King (2008) . It is therefore assumed that by 2010, 9% of the carbon emitted from cars and vans would come from vehicles which are 2% more efficient than current and by 2050 this would increase to 65%
and 80% respectively. In addition, by 2050 it is assumed that 25% of carbon emissions would be offset by zero emissions vehicles (most likely to be fully electric rather than fuel cell). It is thought that this level of uptake (particularly in terms of hybrids and zero emissions vehicles)
would not be mirrored in other UK cities and is thus only applicable to London due to the unique conditions regarding traffic congestion levels and average travel speed. In addition, zero emissions vehicles (such as electric) and hybrids (such as petrol electric vehicles) are permitted to enter the congestion charging zone free of charge thus providing additional incentives particularly in light of charge increases as suggested in scenario 1 (electric vehicles are also exempt from parking costs within London). It is also expected that the production costs of alternative fuelled vehicles would decrease as uptake increased, hence making such vehicles more feasible for a greater number of people over time.
In terms of public transport, by 2050 it is assumed that 40% of carbon emissions from buses would be emitted from hybrid buses whilst 30% of carbon would be offset by zero emissions buses. It is expected that uptake of alternative technology amongst the bus sector would be much greater in London where public ownership exists in comparison to other UK cities where private ownership dominates. For rail, tube and light rail it is assumed that by 2050 40% of their power would be sourced from renewable electricity with zero carbon emissions at the source and for end use. It is thought that fully decarbonised electricity production would be possible in the UK by 2050 (King, 2008) , however it is assumed here that, without a strong incentive to drive demand, most of this would be used to power homes and thus meet existing demands rather than fully incorporate demands from other sectors such as transport. The 
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The assumptions regarding uptake of new technology together with the CCAP and CCAP+ amount to a 67.4% reduction in carbon emissions by 2050 from the 2004 baseline, using the efficiency gains suggested by King (2008) . This is a significant saving and overachieves the targets set out in the CCAP but does not achieve more ambitious targets such as an 80%
reduction by 2050 which is in line with the Climate Change Act. Without the CCAP, technology alone is estimated to achieve a 47.5% reduction by 2050 from 2004 levels. (King, 2008) . Whilst it is recognised that the King figures are more applicable for the UK compared to the IEA which are based on global scenarios, the latter shows the sensitivity of the relationship to changes in vehicle efficiency. The IEA assumptions were applied to estimated savings from increased ICE efficiency for cars, zero carbon cars and buses, hybrid buses and zero carbon electricity use for rail, tube and light rail i.e. all were estimated to achieve 37% 2 less than the figures estimated using the King (2008) assumptions. Under the IEA assumptions, technology with the CCAP+ achieves a 46.7% reduction by 2050. Figure 7 shows that, whilst technology clearly has an important role to play, it appears unable as a single measure to achieve for transport the reductions required by the latest national targets.
Scenario 3: Carbon trading
2 The IEA suggest efficiency gains equating to 37% less than those suggested by King (2008) : 50/80 = 0.63 = 37% difference. on tube, rail and light rail and operational efficiency gains for both public and private transport, thus providing further cuts (this has been estimated in line with the respective cuts outlined in the CCAP). From 2020, plug in hybrids and electric hybrid propulsion is likely to be common, however the challenge is to create a strong market for demand (King, 2008) . This is also recognised by the NAIGT (2009) who point out the current lack of any demand-side interventions to accelerate take-up of low carbon technologies. The carbon trading scheme is expected to drive demand for low carbon technology by periodically reducing the amount of carbon available for purchase in the form of fuel. Low carbon fuels and increased energy efficiency would become much more attractive, thus increasing demand and uptake which in turn is expected to lower production costs resulting in further uptake. For example, it is expected that electric vehicles would have replaced 15% of carbon emissions from cars and vans by 2025, increasing to 43% by 2050. It is predicted that current technological and cost challenges would be overcome due to rising consumer demand and that light weight and high energy lithium based batteries will become available to enable larger ranges (250 miles and beyond) for electrically powered vehicles before a recharge is necessary. Again it is expected that London would see a greater uptake of electric vehicles compared to other UK cities given the benefits when used in highly congested conditions in addition to being exempt from parking charges and the congestion charge currently active in London. It is possible that the monetary savings from avoiding the congestion charge could help to negate any cost disadvantages of electric vehicles. In addition, if charged overnight when the grid is less congested, electricity would be cheaper than petrol (King, 2008) . In this scenario it is It is assumed that by 2050, 45% of carbon emissions from buses would have been replaced by zero emissions fuel (either electric vehicles or hydrogen fuel cells, both producing zero carbon emissions at source and end use). The remaining 55% of carbon emissions would be replaced by hybrid vehicles which emit around 55% less carbon per kilometre in comparison to current vehicles. For rail, tube and light rail it is assumed that all would be fully electrified by 2050 and that 90% of the electricity used to power them would be sourced from renewable, zero carbon emissions electricity production. Again it is expected that there would be a higher uptake of electrification amongst public transport within London in comparison to other UK cities, however the introduction of a national carbon trading scheme could narrow the gap considerably in comparison to scenario 2. In addition, Mathiesen et al (2008) conclude that, in relation to integrating transport with energy planning, a 100% renewable energy transport system is possible but the path towards it contains significant challenges. The estimated carbon reductions are shown in figure 8 .
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The increased uptake and demand for low or zero carbon technology together with a modest mode shift from car to public transport makes an 86.2% carbon reduction achievable by 2050, when assuming the efficiency gains suggested by King (2008) . This goes beyond the 60% target set out in the Mayor's CCAP and approximates the 70-90% thought to be necessary in order to avoid going beyond a 2°Celsius warming and the worst impacts of climate change (Bows et al., 2006; Stern, 2006) . Between 2010 and 2015 it is expected that a 30% improvement in fuel efficiency has been achieved (King, 2008) and a 15% uptake is driven by tightening of the annual carbon budget in the carbon trading scheme. This is designed early in the period to 2050 given the greater benefits from early reductions in emissions compared to The carbon outputs were also produced to reflect efficiency gains estimated by the IEA (2008) In order to characterise the walking and cycling aspects of scenario 4, it is useful firstly to examine the assumptions about walking and cycling contained in scenario 1 since scenarios 3 A key objective is for walking and cycling, together with public transport, to accommodate projected demand growth of four million additional trips a day to 2025 without an increase in car trips. These targets probably represent the most that can be achieved by statutory authorities on their own, i.e. for greater changes in walking and cycling to occur there would also need to be fundamental changes in society with respect to lifestyles and ways of working,
i.e. as contained in scenario 4.
Within this scenario, the assumptions regarding efficiency gains, uptake of new technology and eco-driving are the same as scenario 3 -the major difference is in the level of modal shift from personal motorised transport to public transport, walking and cycling, as demonstrated in table 2. The resultant carbon outputs are shown in figure 9 . (2008) and thoughts on a potential carbon trading scheme and wholesale lifestyle change to a much more walking and cycling focussed future.
CONCLUSIONS AND POLICY IMPLICATIONS
The carbon outputs suggest that the CCAP alone will not achieve the savings necessary nor those aimed for in the CCAP -hence, achieving a 60% reduction would require considerable levels of investment and policy application, far beyond the scope of the current plans up to 2025. In addition, whilst technology alone can achieve significant reductions it is unable to deliver the necessary 80% reduction. Technology combined with the CCAP+ under maximum efficiency gain assumptions could possibly achieve close to a 67% reduction, however this is unlikely to be attainable in practice. Instead, a strong motivator is required in order to drive consumer demand for low and zero carbon technology which in turn reduces production costs and encourages further uptake. A carbon trading scheme with strong periodic reduction targets could provide this stimulus. It is possible that a carbon trading scheme alone could achieve the reductions necessary without a need for further policy such as the CCAP and/or regulations for vehicle manufactures, thus it is assumed here that the trading scheme would be introduced as a stand alone measure that could achieve an 86% reduction under maximum efficiency gain assumptions. However, it would be essential to input adequate investment into infrastructure changes in order to facilitate changes arising from a carbon trading schemethus the CCAP could resemble an investment plan for infrastructure rather than a plan to reduce carbon emissions per se, with other local authorities producing similar investment plans.
Carbon trading with the addition of large scale lifestyle shift is estimated to deliver a maximum reduction of 92%, making personal land-based carbon emissions within London almost carbon free by 2050. This is approximating an ideal outcome in terms of climate change policy and whilst eliciting significant challenges is theoretically achievable under the Whilst the paper has focussed on the transport sector, it is recognised that the transition to low carbon mobility must be synchronised with the overall transition to a low carbon economy and thus the whole energy system (Lund and Mathiesen, 2009) . For example, the development of low carbon personal and public transport modes must be considered together with the shift to clean electricity generation (NAIGT, 2009) . The development of a low carbon transportation system can actually aid the transition to low carbon energy generation, for example Lund and Munster (2006) found that the use of electricity generation for transport increased the optimisation of wind turbines in West Denmark. The ability to consume unused electricity through overnight charging creates a mutually beneficial relationship between electric vehicles and wind power (greatly reducing the need for storage or transfer). In addition, Lund and Kempton (2008) show that vehicle to grid technology will improve the efficiency of the electric power system, lower carbon emissions and improve the integration of wind power. In order to achieve significant carbon reductions, policy measures must move significantly beyond current practice and level of application, as also recognised by Hickman et al (2010) .
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